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Abstract 28
The use of whole genome sequencing (WGS) using next generation sequencing (NGS) 29 technology has become a widely accepted method for microbiology laboratories in the 30 application of molecular typing for outbreak tracing and genomic epidemiology. Several 31 studies demonstrated the usefulness of WGS data analysis through Single Nucleotide 32 Polymorphism (SNP) calling from a reference sequence analysis for Brucella melitensis, 33
whereas gene-by-gene comparison through core-genome Multilocus Sequence Typing 34 (cgMLST) has not been explored so far. The current study developed an allele-based 35 method cgMLST and compared its performance to the genome-wide SNP approach and 36 the traditional MLVA on a defined sample collection. The dataset comprised of 37 37 epidemiologically linked animal cases of brucellosis as well as 71 epidemiologically 38 unrelated human and animal isolates collected in Italy. The cgMLST scheme generated in 39 this study contained 2,687 targets of the B. melitensis 16M reference genome (75.4% of 40 the complete genome). We established the potential criteria necessary for inclusion of an 41 isolate into a brucellosis outbreak cluster to be ≤4 loci in the cgMLST and ≤10 in WGS 42 SNP analysis. CgMLST and SNP analysis provided much higher phylogenetic distance 43 resolution than MLVA, particularly for strains belonging to the same lineage thus allowing 44 diverse and unrelated genotypes to be identified with greater confidence. The application 45 of this cgMLST scheme to the characterization of B. melitensis strains provided insights 46 into the epidemiology of this pathogen and it is a candidate to be a benchmark tool for 47 outbreak investigations in human and animal brucellosis. 48
Introduction 54
Brucellosis is one of the world's most widespread zoonoses and it is a leading cause of 55 economic losses in production of domestic ruminants (1, 2) . Humans can contract the 56 disease by contact with infected animals or their products, with unpasteurized milk being 57 the most common source of brucellosis in urban populations (3, 4) . Brucella melitensis, 58 which infects primarily sheep and goats, is the most frequent agent of brucellosis in 59 humans and it leads to the most severe manifestation of the disease (5) . 60
Due to the high public health and economic burden of brucellosis, European countries 61 have applied surveillance, control and eradication programs for many years and most of 62 them have acquired the Officially Brucella melitensis-Free (OBF) status. The disease 63 however, still persists in several countries in the Mediterranean Area. In Italy, despite 64 implementation of the brucellosis eradication program for over 50 years, ovine and caprine 65 brucellosis remains endemic in several southern provinces, in Sicily in particular (6). To 66 date, the regions of Italy still not classified as OBF cover approximately 35.5% of the 67 national surface, where 39.9% of all small ruminants are farmed (7, 8) . 68
Efficient and reliable surveillance programs are essential for detection and control of 69 outbreaks and largely depend on collection and access to epidemiological data. Currently, 70 epidemiological investigations rely on the availability of standardized and effective 71 molecular typing methods and analysis tools that allow the public health laboratories to 72 identify and trace the outbreak back to its source. 73
The identification and the typing of B. melitensis is still traditionally performed with the use 74 of biotyping techniques, this methodology however, suffers from inconsistencies and 75 requires handling of the live bacteria. For this reason, PCR-based typing is now commonly 76 used as an alternative to the culture-dependent typing methods (9-12). The results of the 77 classical biotyping schemes categorize B. melitensis into three biovars that are of limited 78 epidemiological value as they do not provide sufficient resolution between the isolates. 79
Moreover, an individual biotype often predominates in particular areas, as seen in Italy 80 where the biovar 3 is the almost exclusively isolated from the local animal populations 81 (13). B. melitensis is a highly clonal and monomorphic pathogen which renders its 82 differentiation at strain level very difficult (14) . Pattern based techniques such as PFGE 83
and AFLP have been applied in the past but these techniques were not able to 84
differentiate Brucella at sub-species level which correlated with low intra and inter 85 laboratory reproducibility (15). In recent years, the typing methods have shifted towards 86 the "genome based" approaches that finally allowed an accurate differentiation between 87
Brucella isolates and establishment of a common consensus for the sub-typing schemes 88 of this pathogen (6, (16) (17) (18) calling based on a reference sequence analysis are considered as a suitable and a more 105 informative replacement of the gold standard typing schemes (23) (24) (25) (26) . 106
The aims of our study were to develop a cgMLST scheme for B. melitensis, to describe 107 WGS analyses using examples of an animal outbreak and sporadic cases of brucellosis in 108 humans and livestock and to evaluate the concordance of the WGS-based results with the 109 data obtained using traditional MLVA methodology. 110
MATERIAL AND METHODS 111

Study design and B. melitensis strains 112
To evaluate the WGS/NGS approach, we defined two different panels of isolates and we 113 reads. After demultiplexing and removal of the adapters, the reads were trimmed to 145 remove from 5' end and 3' end to discard the nucleotides with quality score less than 20. 146
Reads shorted than 70 bp and average Phred mean quality < 24 were automatically 147 discarded. All scaffolds were assembled with SPAdes version 3.11.1 with '--careful' option 148 selected (28, 29) . 149
cgMLST target definition 150
To determine the cgMLST gene set, we performed a genome-wide gene-by-gene 151 comparison using the cgMLST target definer (version 1.4) function of the SeqSphere+ 152 software v3.4.1 (Ridom GmbH, Münster, Germany), with default parameters. These 153 parameters comprised the following filters to exclude certain genes of the B. melitensis 154 bv.1 str. 16M reference genome (NZ_CP007762.1, NZ_CP007763.1, dated 12 October 155 2016) from the cgMLST scheme: a "minimum length filter" that discards all genes shorter 156 than 50 bp; a "start codon filter" that discards all genes that contain no start codon at the 157 beginning of the gene; a "stop codon filter" that discards all genes that contain no stop 158 codon, more than one stop codon or if the stop codon is not at the end of the gene; a 159 "homologous gene filter" that discards all genes with fragments that occur in multiple 160 copies within a genome (with identity 90% and more > 100 bp overlap); and a "gene 161 overlap filter" that discards the shorter gene from the cgMLST scheme if the two genes 162 affected overlap > 4 bp. The remaining genes were then used in a pair-wise comparison 163 using BLAST version 2.2.12 (parameters used were: "word size: 11", "mismatch penalty: -164 1", "match reward: 1", "gap open costs: 5", and "gap extension costs: 2") with the query 165 chromosomes of representatives for the other two B. melitensis biovars (B. melitensis bv.2 166 str. 63/9 NZ_CP007788.1; NZ_CP007789.1 and B. melitensis bv.3 str. Ether 167 NZ_CP007761.1; NZ_CP007760.1). All genes of the reference genome that were common 168 in all query genomes with a sequence identity ≥90% and 100% overlap, and with the 169 genome filters "start codon filter", "stop codon filter" and "stop codon percentage filter" 170 turned on, formed the final cgMLST scheme; this discarded all genes having no start-or 171 stop codon in one of the query genomes as well as genes that had internal stop codons in 172 more than 20% of the query genomes. 173
SNP analysis 174
SNPs were identified using In Silico Genotyper (ISG) version 0.16.10-3 (30). We used 175 default filters to remove SNPs from duplicated regions, minimum quality was set to 30, the 176 minimum allele frequency of 90% and loci not orthologous in all samples. We used ISG 177 pipeline with BWA (31) as the aligner and GATK (32) as the SNP caller. The SNPs were 178 called based on alignment to the reference Brucella melitensis bv. 1 str. 16M (GenBank 179 Accession Numbers NC_003317.1; NC_003318.1). 180
Clustering analyses 181
MLVA allelic profiles and SNP matrix data were analyzed using goeBURST algorithm 182 implemented in PHYLOViZ version 2.0 (33). The Minimum Spanning Trees (MST) were 183 created using default software settings. The cgMLST profiles were assigned using B. 184 melitensis task template in Ridom SeqSphere+ Software 4.1.1 (Ridom GmbH, Münster 185
Germany) (34). MSTs were created by comparison of cgMLST targets, pairwise ignoring 186 missing values with distance labels representing the number of diverse alleles. 187
Accession numbers 188
All generated reads were submitted to National Center for Biotechnology Information 189 (https://www.ncbi.nlm.nih.gov/) under the bio-project accession number PRJNA448825 190 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA448825). 191
RESULTS 192
Epidemiologically linked B. melitensis 193
The outbreak-related isolates were detected in 21 different farms in three Italian provinces, 194 over a period of one year and a half. The culture-positive samples belonged to 37 animals 195 that were investigated as a part of the within-and among-farm epidemiological 196 investigation (Figure 1, Table 1 ). 197
The MLVA revealed the presence of 13 different genotypes divided into 2 groups formed 198 by single locus variants and one double locus variant (Figure 2A) . The minimum spanning 199 tree (MST) showed that the groups were split by mutations in the three hyper variable loci 200 bruce04, bruce09 and bruce16. One group included three genotypes in four isolates 201 collected from farms located in the province of Rome, whereas in the remaining 34 strains 202 from Isernia, Campobasso and Frosinone provinces we identified ten distinct genotypes. 203
We generated a cgMLST scheme comprising 2,687 targets based on the B. melitensis 204 16M reference genome (75.4% of the complete genome). The cgMLST clustering divided 205 the isolates into two different genetic complexes grouping the two farms from Rome 206 (Complex 2) provinces separately from the remaining nineteen farms (Complex 1). The 207 genetic division measured with the cgMLST panel was by 170 different loci ( Figure 2B) . 208
The analysis using the "B. melitensis" panel found one prevalent genotype that was similar 209 across the provinces of Frosinone, Campobasso and Isernia and was found in ten of the 210 tested farms. 211
Seventeen isolates from the Complex 1 shared identical core genome profile and the 212 genetic variation between the isolates in this cluster was not greater than three loci and 213 only one locus in the second cluster. Moreover, removing 52 columns from the analysis 214
where any value was missing, decreased the distances between the nodes even further, 215 and classified all samples from Rome as identical (not shown). A within-farm genetic 216 variation was also observed. In eight farms, samples from more than one animal were 217 analyzed, and several polymorphisms were observed between the isolates originating in 218 the same location, demonstrating that the isolates acquired mutations during the outbreak. 219
(Data not shown). 220
The SNP analysis from ISG pipeline identified 3,390 SNPs that mapped to 4% of the B. 221 melitensis 16M ref strain (NC_003317.1; NC_003318.1), of which 3,146 were classified as 222 clean unique variants and included in the further analysis. The tree split the samples into 223 two genetic clusters with a distance of 245 SNPs between them (Figure 2C) . 224
All the analyses above were in agreement with the epidemiological investigation that 225 established the presence of two distinct and independent introductions of infected 226 livestock. 227
Epidemiologically Unrelated B. melitensis 228
The minimum spanning tree (MST) calculated using the MLVA-16 typing results showed a 229 distance between neighboring profiles not exceeding 9 variable loci (Figure 3) . Fifty-one 230 MVLA profiles were assigned to the 71 strains. Eleven profiles were shared by more than 231 one isolate, which, with exception of one human isolate, corresponded to the samples 232 originating from the same geographical location ( Table 1) . 233
MVLA profiles tend to be conserved between epidemiologically linked strains, therefore, 234 the strains from an outbreak are likely to have a similar MVLA profile. Three MLVA 235 profiles, 10 (samples ItBM_41-ItBM_44), 15 (samples ItBM_93 -ItBM_96 and ItBM_98) 236 and 24 (ItBM_55, ItBM_89 -ItBM_91) were identified in more than three strains suggesting 237 close relatedness of samples within these profiles. Samples of profile 10 originated in 2011 238 in the province of Salerno (~ 4,923 m 2 ), which explains their similarity. Isolates from the 239 same year and various provinces of Sicily were found within profile 15, and profile 24 240 contained four samples from Ragusa and Messina provinces, two of which were collected 241 from the same animal. Apart from MLVA profile 15, which had a neighbor located within 242 one allele of distance (profile 8), the other two profiles were separated from the 243 neighboring ones by at least two alleles. 244 MLVA typing from the surveillance set allowed identification of two clear outliers. Samples 245
ItBM_38 and ItBM_39 (profiles 1 and 4) showed a distance of 9 alleles from the nearest B. 246 melitensis neighboring strain and no relatedness to one another. 247
According to our MVLA data, only two out of six human cases could be linked to a specific 248 animal source analyzed in our study. Samples ItBM_41 and ItBM_43 isolated from a 249 patient in the city of Salerno (Campania), shared the same MVLA profile as two B. 250 melitensis animal isolates from a farm in the municipality of Montecorvino Pugliano from 251
Salerno province (samples ItBM_42 and ItBM_44), all collected in 2011. Human isolate 252
ItBM_50 and two animal isolates (ItBM_51 and ItBM_52) were assigned MVLA profile 42, 253 but interestingly, ItBM_50 was isolated 4 years later than the animal strains. According to 254 this typing method, the same MVLA type had probably circulated in Sicily for at least 4 255 years prior the human infection occurred. The other three human samples did not show 256 sufficient relatedness to any of the animal isolates to reliably trace the source of infection. 257
The number of variable loci, in these cases, ranged from 2 to 9 in relation to the closest 258 neighboring MVLA profile. 259
To increase the discriminatory power of the investigation, we analyzed 71 assemblies 260 using cgMLST scheme. All analyzed genome assemblies exceeded 97.9 % of good 261 targets (with a mean of 99.4% good targets). MST tree was built with 55 nodes in total with 262 branch distances between 1 and 1237 genes. Isolates ItBM_38 and ItBM_39 were clear 263 outliers, separated from the closest neighbor by 1,237 alleles, and 1,113 loci from one 264 another ( Figure 4A) . These isolates were also identified as outliers by the MLVA analysis 265 described above. It is worth to note that these strains were assigned by MLVA to the East 266
Mediterranean and American lineages respectively, whereas all the Italian isolates were a 267 part of the West Mediterranean lineage. Interestingly, cgMLST analysis flagged 3 targets 268 that were uniquely present in these two genotypes but not in any Italian isolates included 269 in this study and therefore they could potentially be used to differentiate West 270
Mediterranean lineage. Upon further inspection, these targets contained 4 extra codons or 271
were missing 4 codons in Italian samples compared with the reference and were therefore 272 classified as failed (threshold was set as default +/-3 codons). 273
Variation within the West Mediterranean group ranged from 1 to 412 loci. Based on the 274 analysis of outbreak-related isolates we used 4 alleles as a threshold for a potential 275 complex of related cases. Thirteen complexes were therefore assigned in the MST data 276 analysis with Complex 1 containing the highest number of related isolates. Gene by gene 277 analysis confirmed relatedness of genotypes with MLVA profiles 10 and 15, however, 278 according to cgMLST two other isolates were in 0 to 1 gene distance away from the 279 samples of MLVA profile 15, and one other isolate of profile 10. ItBM_55 that was 280 classified as MLVA profile 24 was shown not to be closely linked to other isolates with the 281 same MLVA alleles when examined with a gene by gene approach. 282
With MLVA typing, only two human isolates were traced back to a probable animal source. 283
Using cgMLST however, four of the human isolates were found in the distance not 284 exceeding 2 alleles to the closest animal strain. ItBM_41 and ItBM_43, originating in 285 Salerno, could be traced to three isolates collected from sheep and goats in the same 286 region (Campania), as seen also in MLVA profiling data. These two samples that were 287 collected from the same patient which was confirmed with the identical cgMLST profile. 288
Another human isolate of B. melitensis (ItBM_108) displayed 2-allele variation compared 289 to the closest related animal isolate analyzed in this this study (ItBM_107). Interestingly, 290 the samples were collected two years apart and in different geographical locations 291 suggesting that ItBM_107 could have been closely related (or ancestral) to the source of 292 human infection but not directly involved in the transmission event. A similar scenario was 293 observed for sample ItBM_50 showing a distance of two alleles to an animal isolate. In 294 these cases, observation based on cgMLST typing suggests that strains of B. melitensis 295 were circulating in the affected regions of Italy for many years and the surveillance 296 program failed to eradicate them. Two of the human samples originating in Piemonte, 297 although clustered within the West Mediterranean clade (ItBM_99, ItBM_78) were 298 genetically divergent from animal samples, with 162 and 199-allele difference to the 299 closest isolate and could be identified as outliers although distantly related to other Italian 300 genotypes. Epidemiological investigations linked those cases to people who had come 301 from northern African countries where the same West Mediterranean lineage is thought to 302 be prevalent (35). Divergence of these two samples was not however evident in MLVA 303 typing (2-3 alleles of distance to other isolates). 304 6,533 SNPs were discovered by mapping 71 genomes to the B. melitensis 16M reference 305 strain. Out of these, 6,029 were considered high quality discriminatory SNPs and were 306 used to infer the relationship between the strains. Minimum Spanning Tree (MST) analysis 307 using goeBurst function within PHYLOViZ software grouped the isolates based on their 308 SNP profiles (Figure 4B) . We applied the threshold of 10 SNPs to detect the clusters of 309 closely related cases and, in concordance with cgMLST analysis, we identified thirteen 310 complexes. The highest distance observed between two adjoining isolates were 2,617 and 311 2,236, belonging to the SNP profiles of ItBM_38 and ItBM_39, which were marked as 312 outliers also by MVLA and cgMLST analyses. Distances of 646 SNPs followed by 567 and 313 233 SNPs were observed between the West Mediterranean isolates originating in Italy and 314 the tree structure corresponded to the MST based on cgMLST described above. 315
In agreement with cgMLST, two human cases could not be traced to any of the analyzed 316 animal strains of B. melitensis and both differed by more than 200 SNPs from the nearest 317 SNP profile (ItBM_99, ItBM_78), and did not cluster with any of the samples analyzed in 318 this study. Close genetic relationship to one isolate from animal hosts was confirmed for 319
ItBM_41 and ItBM_43. This suggests a close contact of the person with the farm animals 320 (or their products), which resulted in infection with B.melitensis. Two human isolates 321
ItBM_108 and ItBM_50, that in previous analyses showed close relationship to strains 322 originating from an animal source, here, were separated only by 5 and 3 SNPs to the 323 neighboring isolates, respectively. 324
DISCUSSION 325
Our study compared the performance of two WGS-based typing methods, SNP analysis 326 and cgMLST with the gold standard MLVA-16 in the analysis of the phylogenetic 327 relationship between isolates of B. melitensis detected in the context of the national 328 surveillance program. 329
We found that all three typing schemes generally performed equally and although SNP 330 analysis had the highest resolving power in terms of differences detected between the 331 isolates, the number of predicted genotypes in the surveillance scenario was comparable 332 for all examined methods (51 MLVA types, 55 cgMLST types, 60 SNP types). 333
CgMLST accurately predicted the presence of two genomes divergent from the rest of the 334 Italian strains. The distance between each of these and the nearest Italian isolates was 335 shown to be more than 1000 alleles while no more than 412 alleles of difference occurred 336 between any of the local strains. In fact, the majority of analyzed samples belonged to 337
West Mediterranean lineage of B. melitensis, while the outliers were members of the East 338
Mediterranean and American lineages (6). The other two methods confirmed this result, 339 with SNP analysis identifying more than 2000 SNPs and 9 MLVA alleles of distance to the 340 closest Italian genotype for both samples. For distantly related genomes from the same 341 lineage, cgMLST as well as SNP analysis provided much higher phylogenetic distance 342 resolution than MLVA, and therefore spotting divergent genotypes, unlikely to be 343 connected to the other circulating strains, was possible with greater confidence. This was 344 particularly apparent in case of two clinical isolates with cgMLST distance of 162 and 199 345 from the closes animal isolate, and in case of B. melitensis collected from an ibex (Capra 346 ibex ibex) in National Park Gran Paradiso located in the Graian Alps in Italy (sample 347 ItBM_100). This demonstrated that while all applied schemes could be used to identify 348 very distant genomic outliers within Brucella population, WGS-based schemes were 349 superior in identifying unrelated cases belonging to the same lineage. Additionally, within 350 the clusters of similar genotypes, cgMLST performed equally as the SNP analysis, but 351 some discrepancies were observed in MLVA analysis. For instance, seven isolates from 352
Sicily had SNP profiles differing by maximum of two polymorphisms (type 50, 51 and 52) 353 suggesting that they were very closely related. The same result was demonstrated by 354 cgMLST with a difference of only one allele between the genotypes. However, while five of 355 these isolates shared MLVA profile 15, one belonged to type 8 (1-allele distant) and 356 another to type 12 (2-allele distant). The interpretation of WGS results would therefore 357 suggest that these were actually strains from the same cluster, while MLVA typing would 358 not necessary lead to the same conclusion. Similar observation was reported by Dallman 359 et al. (2015) , who showed that using SNP analysis of E. coli O157 isolates identified linked 360 cases with twice the sensitivity of MLVA scheme, while Georgi and colleagues (2017) 361 demonstrated that MLVA had lower discriminatory power than the WGS-based SNP typing 362 by analyzing a set of 63 human B. melitensis isolates (36, 37) . Interestingly, in our cluster 363 of outbreak-related cases, we identified several genotypes that differed by one or two 364 hypervariable alleles and belonged to the same epidemics. CgMLST analysis of these 365 strains showed that they were very closely related (less than 5 genes of difference). This 366 observation shows that MLVA profiling does not provide enough resolution to discriminate 367 between isolates involved in an ongoing epidemics or strains that have been circulating 368 over the years with no direct link to one another. 369 SNP analysis has successfully been used to discriminate between Brucella species and 370 mapping the geographic distribution and global spread of B. melitensis (18, 36, 38) . 371
However, to date, there is no official and validated cgMLST or SNP scheme for any of the 372 Brucella species. Consequently, the cluster types for specific data, and in particular, for 373 closely related strains, can only be assessed empirically and therefore is subject to 374 variation between the laboratories where the analysis is carried out. In order to reliably 375 interpret the results, cut-off values should be first established based on the analysis of a 376 significant number of closely related strains and unrelated strains sharing common or 377 closely related profiles assigned using gold standard typing methods. In the outbreak-378 related isolate analysis, a number of variable loci within a cluster did not exceed 4 379 (cgMLST) or 10 SNPs, suggesting that within 2-year duration of the study, a limited 380 evolution of the strains occurred and the genotypes remained relatively stable. These 381 findings highlight the potential criteria necessary for inclusion of an isolate into a 382 brucellosis outbreak cluster that we would therefore suggest to be ≤4 loci in the cgMLST 383 and ≤10 in WGS SNPs analysis. In surveillance scenario we were able to identify human 384 and animal isolates, collected several years apart, with less than ten alleles of difference 385 between one another in cgMLST scheme. Using our proposed cut-off values, these would 386 not be included in the active outbreak cluster, however the possibility that they shared a 387 common ancestor at some time of their evolution would not necessarily be excluded. 388
In WGS analysis the quality of the reads as well as of the assembly plays a crucial role in 389 achieving reliable cgMLST results. While in our study all samples reached at least 97.9% 390 of good targets when aligned to the task template targets, low quality assemblies are likely 391 to have a reduced number of good targets and therefore lead to generation of inaccurate 392 results in phylogenetic analysis. We would therefore propose that the data with good 393 targets of less than 97% should be taken with caution. 394
In conclusion, WGS/NGS data can be used effectively to gain a better understanding of 395 epidemiology and dynamics of Brucella populations and to gather in depth information 396 which can be used for source tracing in case of outbreaks within animal holdings, zoonotic 397 or food-borne infections and illegal animal movements. Moreover, WGS data facilitates the 398 assessment of the possible extent of an ongoing outbreak and the reliable prediction of the 399 routes of its spread. 400
In accordance to the One Health approach, public health agencies can therefore 401 implement WGS to aid the disease control and eradication plans. In our study, both 402 cgMLST and SNP analysis performed well despite of the restricted level of B. melitensis 403 genetic diversity and we demonstrated that the performance of the gene by gene approach 404 was comparable to the SNP analysis. On the basis of these results, we believe that 405 
25.
Henri C, Leekitcharoenphon P, Carleton HA, Radomski N, Kaas RS, Mariet JF, Felten A, 529
Aarestrup FM, Gerner Smidt P, Roussel S, Guillier L, Mistou MY, Hendriksen RS. 2017. 530 An Assessment of Different Genomic Approaches for Inferring Phylogeny of Listeria 531 The distance labels correspond to the number of discriminating SNPs between neighboring genotypes. The red nodes correspond to human isolates and the blue nodes to animal isolates.
